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. INTRODUCTION AND MOTIVIATION

To advance solutions needed for remediation of DOE contaminated sites, approaches are needed that can elucidate and predict reactions associated with coupled biological,
geochemical, and hydrological processes over a variety of spatial scales and in heterogeneous environments. Our previous laboratory experimental experiments, which were
conducted under controlled and homogeneous conditions, suggest that geophysical methods have the potential for elucidating system transformations that often occur during
remediation. Examples include tracking the onset and aggregation of precipitates associated with sulfate reduction using seismic and complex resistivity methods (Williams et al.,
2005; Ntarlagiannis et al., 2005) as well as estimating the volume of evolved gas associated with denitrification using radar velocity. These exciting studies illustrated that geophysical
responses correlated with biogeochemical changes, but also that multiple factors could impact the geophysical signature and thus a better understanding as well as integration tools
were needed to advance the techniques to the point where they can be used to provide quantitative estimates of system transformations.

Figure 1. Rifle, Colorado UMTRA Site

Our current research includes theoretical, numerical, and experimental investigations, performed at the laboratory and the field scales, to determine if geophysical methods can be
used to uniquely monitor system transformations. Our work is geared toward the Uranium Mill Tailings site at Rifle, CO, site (Figure 1), where ERSP-sponsored investigations are
exploring the efficacy of electron-donor amendments for facilitating sustainable microbial reduction of U(VI) to U(IV) through a series of local-scale field experiments conducted in
2002-2005 (Anderson et al., 2003; Vrionis et al, 2005) Early experiments at the site showed that U(VI) loss from groundwater occurred synchronously with growth of Geobacter after
acetate amendment, and illustrated the importance of maintaining iron-reducing conditions for optimal U(VI) removal. Since the interplay between iron and sulfate reduction is
believed to be of critical importance to the sustainable reduction of U(VI) at this site, quantitative interpretation of geophysical data in terms of redox state, exhaustion of bioavailable
iron mineral phases, or onset of sulfate reduction is expected to greatly benefit the understanding and sustained remediation of uranium at the site.

The sections below describe the key components of our work, including laboratory and field characterization and monitoring during biostimulation experiments that were conducted in
20086, reactive transport modeling, and biogeochemical property estimation using geophysical datasets.

Il. RESEARCH METHODS
Our research includes theoretical, numerical, and experimental investigations performed at the laboratory and the field scale, which involve the remote monitoring and prediction of biogeochemical
processes using geophysical methods and reactive transport modeling, respectively. Linkage between the laboratory-scale and field-scale investigations will be ensured by using the same (native)
sediments (and in some cases, groundwater), and by using the same geophysical measurement techniques and reactive transport code at both scales. By investigating the geophysical response to
coupled processes and by performing calibrated and validated reactive transport modeling at both scales under the same environmental conditions, we are beginning to investigate how novel monitoring
and modeling approaches scale with space and time.
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Our previous work has illustrated that time-
lapse geophysical signatures track the onset
and evolution of end-products associated
with bioremediation, such as the production
of iron sulfides (Williams et al., 2005). A key
component of this project is the
development of a stochastic estimation
framework that permits the quantitative
estimation of properties associated with
biogeochemical transformations. The
methodology is performed using a Markov
chain Monte Carlo approach, and by using
petrophysical models that link the
geophysical attributes to biogeochemical
properties. The model will be tested using
data collected at the laboratory scale and
then applied to time-lapse field geophysical
data collected during biostimulation
experiments.

This component focuses development and
validation of reactive transport models at
the laboratory and field scales. We are
using the pore-water chemistry determined
over the course of lab experiments and the
solid-phase mineralogy determined via post
mortem analysis to develop a defensible
description of the reaction network (pathways
and rates). The reactive transport modeling is
carried out using CRUNCH (Steefel et al.,
2003) and TOUGHREACT codes. The
reactive transport model is being
calibrated to the geophysical data, but only
by using the independent constraints provided
by the microbiological, chemical, and physical
data. This is a key step, since the geophysical
data will be crucial in developing a high-
resolution data set at the field scale, where
complete microbiological, chemical, and
physical characterization of the subsurface
material will not be feasible.
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Crosshole seismic, radar and complex
resistivity, and SP data were collected this
year between several well pairs and within
all three flow cells at the Rifle Site.
Comparison of the characterization data with
borehole electrical, geological, and
flowmeter logs and tracer data is being
performed as a first step in estimating
hydrogeological heterogeneity at the field
scale. The time-lapse geophysical datasets,
collected in association with the field-scale
biostimulation experiments, are being
interpreted in terms of biogeochemical
transformations. Comparison of the
characterization and monitoring datasets
permits assessment of the role of
heterogeneity on system
transformations.
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IV. GEOCHEMICAL ESTIMATION FRAMEWORK V. ISOTOPE STUDIES & REACTIVE TRANSPORT MODELING
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Isotope Studies. Sulfur isotopes of SO,2 and HS- were analyzed in a o St st
background well and three down-gradient monitoring wells beginning near the onset \/‘
of SO,% reduction associated with the 2006 biostimulation experiment at the Rifle

We have developed a stochastic framework that permits estimation of the evolution of end-products associated with
biogeochemical transformations using time-lapse geophysical data and the petrophysical models described below. Both
models include an error term (g).

Seismic P-wave velocity Site. Analysis of 534S of SO42- and HS- during in situ U(VI) bioremediation has 0 s

(v) and attenuation J 2 =g, (p).r(@)) + ¢ indicated that variation in isotopic composition of sulfur species can be detected ? 1 E
R (1/Q) as a function of = g (p(t).7(t)) + &£ under these conditions. The data indicate a high level of fractionation between N 8
parameters precipitate radius (r) and £:(p;), ? 2 S042- and HS- at both onset and recovery and minimal fractionation at the height £ 4

volume (p) are of SO42- reduction. These methods can therefore be applied as an indicator of the

Geophysical ri‘;r::e?:‘i%:fi&?rée ot . @) & stage of SO42- reduction, and may provide a more sensitive means of obtaining a . /\/\ L :
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evolved precipitates using a modified Cole-Cole model (Slater et al., 2006). () =a,r(t,) +¢&, P .

We have used a Markov chain monte carlo method for the estimation problem, which has been expressed in a Bayesian Modeling Studies. We are using the pore-water chemistry !
formulation. This approach permits updating of the prior information about geochemical parameters using the time-lapse determined over the course of lab experiments and the solid-phase i
geophysical data and the petrophysical models, which are expressed in terms of likelihood functions. The developed stochastic mineralogy determined via post mortem analysis to develop a (.
framework is general and flexible and can be used to combined various types of geophysical data for defensible description of the reaction network (pathways and T
geochemical parameter estimation. Here, we have applied the method to the time-lapse seismic and IP datasets collected in rates). The reactive transport modeling is carried out using ;o
association with the laboratory column experiments described by Williams et al. (2005) to estimate the evolution of the volume CRUNCH and TOUGHREACT codes. The figure to the right :
and mean grain size of sulfide precipitates. shows that predictions of FeS and ZnS accumulation rates agree ‘ ¢ )
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J (al)f(a:)f(b)l_‘[f (p(t).r(2)) .05 0 % ! w0 precipitates: the geochemical modeling predicts the absolute volume of

? Timo gays) ® Time @ays) precipitates, whereas the geophysical methods are likely to sense the

In this first attempt to use geophysical data to quantitatively estimate end-products associated with remediation, we find surface area that is impacted by FeS and ZnS secondary phases growing on
. M . . N . . . . o Sand grains Aggregate Encrusted Isolated . . . . . .

that geophysical data provides useful information about the onset and evolution of sulfide precipitates. As is describe in in (600-800_ m) cells (10 -60 um) single cell (1 2um)  precipiates  JrAINS or biomass. This observation suggests that a combination of

Section V, iteration of the advanced modeling and monitoring is being performed to improve both approaches. @3-snm)  geophysical monitoring and geochemical modeling may lead to new insights

about the dynamic system.

VI. FIELD SCALE CHARACTERIZATION AND MONITORING

Through field characterization and monitoring using seismic, radar, complex electrical and SP measurements, and through coupling the field characterization with the lab-scale experiments and reactive transport modeling described above, we will
investigate at the Rifle Site the following questions:

*Can geophysical data be used to distinguish between iron and sulfate reduction processes and track these process over space and time?

*What is the role of heterogeneity on the system transformations?
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